Abstract-Accurate heave measurements are important in the application of marine field to actively compensate for wave motion of a ship. An MTi unit is used to measure the heave motion of the ship in this paper. The primary error of heave measurements come from white noise and constant or slowly varying bias. The process of time integral of acceleration eliminates the white noise and a highpass filter is used to remove the bias. Then the first time integral of acceleration get the heave speed. The bilinear transformation is used to design IIR digital filter based on the conversion of analog prototype filter. Numerical simulation gets a conclusion that the mean absolute errors of heave speed measurements have relation to the cutoff frequencies of the filter. The cutoff frequency which depends proportionally to heave motion frequencies calls suboptimal cutoff frequency. The numerical simulation proves that the adaptive highpass filter with suboptimal cutoff frequency improves the precision of heave measurements. The test of heave motion measurements certifies the usefulness and correctness of the heave motion measurements with MTi unit and adaptive filter.
INTRODUCTION
Dynamic heave compensation arises in many sea-related problems such as seismic experiments for oil exploration, control of remotely operated vehicles, underwater target tracking, and float wave data analysis. Heave compensation plays a pivotal role in those fields by countering the effects of the ship's heave. Accurate heave measurements are important in those applications to compensate for ship wave motion. Heave can be computed from GPS RTK height measurements and from vertical accelerations measured by linear accelerometers. The equipment for GPS RTK height measurements is big and expensive, so it is usually given up in many applications. The accelerometers are used to measure the vertical acceleration of the ship. The first time integral of acceleration will get the heave speed, and the second time integral of time will get the heave position.
MTi is a complete miniature inertial measurement unit with an embedded processor capable of calculating roll, pitch and yaw in real time, as well as outputting 3D linear acceleration. A filter is applied to the acceleration measurements to reduce the impact of sensor noise and bias. Linear highpass filter is the traditional solution. The problem of the filter is to find the optimal cutoff frequency that minimizes the error. The fundamental trade-off when choosing the best filter cutoff frequency is between good tracking of the heave motion and removal of sensor noise and bias. A high cutoff frequency gives better tracking with reduced gain and phase errors, while a low cutoff frequency gives better noise reduction, smaller transients and faster alignment. The optimal filter cutoff frequency depends on several variables, and should be selected to optimize the accuracy for each user application and for each sea state.
It is difficult for the user to choose an appropriate cutoff frequency a priori. An adaptive algorithm estimating the dynamic heave motion in real time can be used to adjust the cutoff frequency automatically. The performance is suboptimal when the cutoff frequency depends proportionally to the estimated frequency of heave motion of the ship.
II. ERROR ANALYSIS
When the MTi is used to measure the heave motion of the ship, it is fixed aboard. The outputting vertical acceleration of MTi includes the acceleration of gravity. So the pith and roll of the ship will effect the measurements of the heave acceleration.
Let the acceleration h denotes the acceleration of ship's heave and a denotes the outputting vertical acceleration. According to coordinate transformation theory, the ship's heave acceleration is given by:
where φ is the roll of the ship, θ is the pitch of the ship and g denoted as the acceleration of gravity. So the affection of pith and roll of the ship's motions is eliminated. Some of the accelerometer error sources are modeled with (2) where b is the constant or slowly changing bias, and n is the white Gaussian noise. Heave speed is gotten from the first integral of the heave acceleration, and heave position is gotten from double integral of the heave acceleration. The integral process will remove the high frequency noises. But the integral process will enlarge the affection of bias. If the bias is ignored, the estimation of heave speed and position drifts off rapidly.
The straight forward solution for heave speed estimation is a standard linear highpass filter which removes the constant or slowly varying terms.
The 2'th order highpass filter used in the this paper is given by It is assumed that the accelerometers are influenced by white Gaussian noise
, and then the expected variance is given by
The accelerometers are assumed to have a constant or slowly varying bias b , the time response of filter after a step input b is given by
with peak response (8) is held constant relative to the amplitude of heave speed.
III. THE BILINEAR TRANSFORMATION
The bilinear transformation is used to design IIR digital filters based on the conversion of analog prototype filter. The bilinear transformation from s-plane to the z-plane is given by
where the parameter T represents the step size in the numerical integration. The relation between the digital transfer function G(z) and the parent analog transfer function H hp (s) is then given by
So the digital highpass filter (12) can be realized by the software in computer.
IV. NUMERICAL SIMULATION
It is assumes that the heave motion of ship is a simple sine wave. The acceleration errors include white The speed curve is distorted in figure 2 . As time increases, the distorted error increases also. If the filter (3) is used, then the error of heave measurements will be improved.
The different heave motion is obtained by changing the period of heave speed from 5 seconds to 12 seconds.
The mean absolute error is the average absolute differentiation between the speed getting from filtering process and the true heave speed. Changing the cutoff frequencies of the highpass filter, the corresponding mean absolute errors are gotten which are shown as follows. Changing the cutoff frequencies, the corresponding mean absolute errors will be transformed also. The cutoff frequencies of the highpass filter which induce the minimal mean absolute errors can be found in figure 3 .
The adaptive highpass filter is to let the cutoff frequencies depend proportional to the frequencies of the heave motion. The cutoff frequencies call suboptimal cutoff frequencies. The proportional coefficients come from the data fitting technology of least squares.
The minimal filtering errors, the filtering errors with single cutoff frequencies, and the filtering errors with suboptimal cutoff frequencies are shown in table 1. It is shown in table 1 that the mean absolute errors of filter with suboptimal cutoff frequencies is less than the errors of filter with single cutoff frequencies. So the adaptive highpass filter which the cutoff frequencies depend proportionally to the heave motion frequencies can increase the measurement precision of heave motion.
V. HEAVE SPEED MEASUREMENT TEST
Heave speed measurements test is used to verify the validity and universality of the adaptive highpass filter with suboptimal cutoff frequencies.
In heave speed test, the MTi unit is fixed in a box which moved up and down by a heave motion control unit. The heave motion control unit includes servo motor, servo controller, reducer, windlass, and traction rope which shown in figure 4. The servomotor connects the winch with the gear reducer. The servomotor system works in velocity control model which the winch rotates in a sine wave with certain period and amplitude. Changing the amplitude and frequency of input voltage of the servomotor, the MTi will move in the sine wave with corresponding amplitude and frequency.
In the test, the amplitude of the heave speed of the servomotor is 0.45m/s, and the heave period change from 5 seconds to 12 seconds. The relationship between cutoff frequencies and mean absolute errors is shown in figure 5 . According the heave periods of MTi and corresponding cutoff frequencies which get the minimal mean absolute errors, the linear relationship between heave periods and suboptimal cutoff frequencies was gotten.
The minimal filtering errors, the filtering errors with fix cutoff frequencies, and the filtering errors with suboptimal cutoff frequencies in the heave motion measurements test are shown in table 2. Conform to the result in the numerical simulation, the testing result of heave speed measurements shown that the mean absolute error of filter with suboptimal cutoff frequency is close to the minimal mean absolute error, and less than the mean absolute error which the filter with unchanging cutoff frequency. So the adaptive filter is acting in the real heave speed measurements.
The Fourier transformation is used to estimate the ship's heave frequency in real time.
VI. CONCLUSIONS
Accurate heave measurements are important in the applications to compensate for ship wave motion. The MTi unit is used to measurement the heave speed of the ship. An adaptive highpass filter with cutoff frequencies depend proportionally to the frequencies of the ship's heave motion is used to remove the bias in the acceleration.
Numerical simulation conforms that the highpass filter with suboptimal cutoff frequencies can improve the precision of heave speed measurements.
The results of heave speed measurements test validate the validity and universality of the adaptive highpass filter with suboptimal cutoff frequencies depending proportionally to the frequencies of the heave motion. 
